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Abstract

Derivatization with o-phthaldialdehyde (OPA) and the chiral thiol N-acetyl-L-cysteine (NAC) is a convenient
and sensitive technique for the HPLC detection and resolution of protein amino acid enantiomers. The kinetics of
the reaction of OPA-NAC with a-dialkylamino acids was investigated. The fluorescence yield of a-dialkylamino
acids was only about 10% of that of protein amino acids when the derivatization was carried out at room
temperature for 1-2 min, which is the procedure generally used for protein amino acid analyses. The fluorescence
yield of a-dialkylamino acids can be enhanced by up to ten-fold when the derivatization reaction time is increased
to 15 min at room temperature. The OPA-NAC technique was optimized for the detection and enantiomeric
resolution of a-dialkylamino acids in geological samples which contain a large excess of protein amino acids. The
estimated detection limit for a-dialkylamino acids is 1-2 pmol, comparable to that for protein amino acids.

1. Introduction

Developments in two areas of research have

resulted in efforts to detect a-dialkylamino acids

in nature. For example, a-dialkylamino acids

have been identified in abiotic synthesis experi-

ments simulating primitive Earth conditions [1],

in carbonaceous condritic meteorites [2] and in

sediments (the Cretaceous/Tertiary boundary)

associated with the impact of a large asteroid or
comet with the Earth [3]. In addition, a-
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dialkylamino acids have also been shown to be

present in several polypepetidic antibiotics [4]

and have been incorporated into enzymes with-

out greatly affecting their activity [5]. The ob-
servation that these amino acids may serve as

specific inhibitors of enzymes that use protein
amino acids as substrates has raised interest in

their potential as pharmacologically active agents

[6].
Interest in the a-dialkylamino acids has led to

the utilization of several chromatographic meth-

ods for their detection and optical isomer sepa-

ration. The separation of isovaline enantiomers

by gas chromatography (GC) after derivatization

with N-trifluoroacetyl anhydride (TFA) and a

reserved
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chirai alcohol has been successfully achieved [7].

However, attempts to separate optical isomers of

a-dialkylamino acids using commercial chiral GC

columns has been largely unsuccessful: either

poor isomer separation or on-column degrada-

tion was observed [8, 9]. Separations by high-

performance liquid chromatography (HPLC)

either utilizing a chiral mobile complex or em-

ploying pre- or postcolumn chiral derivatization

have been more successful [10].

Almost all of the reports of the attempted

resolution of the enantiomers of a-dialkylamino

acids either used authentic compounds, or a-

dialkylamino acids were the major components

in the mixtures [11]. In efforts to detect a-

dialkylamino acids in marine sediments and

other geological samples where a-dialkylamino

acids are minor components, we have found that

most of these methods do not give satisfactory

results. Interfering peaks often hindered the

identification of the a-dialkylamino acids. In

other instances higher sensitivity was required.

The purpose of this study was to develop a

sensitive, reliable and routine HPLC method for
the detection and simultaneous resolution of

optical isomers of a-dialkylamino acids in

geological samples in the presence of a large

excess of the protein amino acids. A widely used
HPLC method for the determination of amino
acids is based on the reaction of amino acids with

OPA and a thiol [12]. The derivatives formed

can be separated on reversed-phase HPLC col-

umns and detected using a fluorescence detector.
If the thiol also has a chiral centre, diastereo-

mers will be formed and they often can be

separated by HPLC, Aswad [13] used NAC as

the chiral thiol and successfully separated the

enantiomers of aspartic acid. Nimura and

Kinoshita [14] extended the OPA-NAC method

to resolve most of the protein amino acids

enantiomers. No attempt was made to separate

oe-dialkylamino acid enantiomers using OPA-
NAC in these studies. We demonstrate here that

the OPA-NAC method can be used for the

detection and resolution of several a-

dialkylamino acid enantiomers. Derivatization

conditions for the OPA-NAC technique were

optimized to enhance the detection of a-

dialkylamino acids. The geochemical applica-
tions of this method are demonstrated by the

identification of a-aminoisobutyric acid (AIB)

and racemic isovaline in Cretaceous/Tertiary

(K/T) boundary sediments.

2. Experimental

2.1. Reagents and standards

a-aminoisobutyric acid (AIB), a-methylaspar-

tic acid (a-Me-Asp) and a-methylglutamic acid

(a-Me-Glu) were obtained from Sigma. Isovaline

(Isoval), a-methylvaline (a-Me-Val), a-

methylnorvaline (a-Me-n-Val) and a-ethyl-tx-

aminobutyric acid (ot-Et-ABA) were kindly syn-

thesized by Professor Stanley Miller (Depart-

ment of Chemistry, University of California, San

Diego, CA, USA).

HPLC-grade methanol and sodium acetate
were obtained from Fisher and OPA and NAC

from Sigma. Doubly distilled water was prepared

in the laboratory by two consecutive distillations

of deionized water in all-glass stills.

NAC solution (1M) was prepared by dissolv-

ing NAC in doubly distilled water and adjusting

the pH to 5-6 with 2 M sodium hydroxide. The 1
M NAC solution was stored frozen. OPA-NAC

derivatization solution was prepared by (1) dis-

solving 4.00 mg of OPA in 300 ttl of methanol,

(2) adding 250/_l of 0.4 M sodium borate buffer

(pH 9.4) to ensure that the solution would be

basic, (3) adding 15 /zl of 1 M NAC and (4)

adding 435/.d of water to give a total volume of
1 ml. OPA-NAC solution was prepared fresh

weekly and kept frozen in the dark.

2.2. HPLC analysis

Derivatization of amino acids with OPA-NAC

was carried out by thoroughly mixing 20 p.! of an

amino acid solution (normally 1-100 pmol/p,l)

with 5 /zl of OPA-NAC reagent in a poly-

| '
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ethylene "microfuge" tube. After 1-15 rain, 475

p.l of 50 mM sodium acetate buffer (pH 5.2)

were added to stop the reaction. A 50-_1 volume
of this solution was injected into an Altex Model

332 HPLC system. The highly fluorogenic de-

rivatives were separated on an Alltech Econos-

phere C18 column (250 x4.6 mm I.D.). The

mobile phases were (A) methanol and (B) 50

mM sodium acetate (pH 5.4)-methanol (92 : 8).

The column was equilibrated with 100% B. Four

minutes after injection, a gradient was started to

change the mobile phase to 63% B in 10 min,
then to 58% B in another 10 min and to 40% B

in 5 rain, and this concentration of B then

maintained to the end of the analysis. Finally,

the mobile phase was changed back to 100% B

in 15 min and the system was ready for the next
injection. The flow-rate was 1 ml/min. The
column effluent was monitored with a Shimadzu

RF-530 fluorescence HPLC monitor at an excita-

tion wavelength of 340 nm and an emission

wavelength of 450 nm. The results were recorded

with a Hitachi D-2500 Chromato-Integrator. The

amino acid concentrations in an actual sample

were calculated from peak-area integration using
the peak area determined from a known amount

of authentic standard for comparison.

2.3. HCI cation-exchange chromatography

A preparative-scale acid cation-exchange chro-

matographic method was utilized to separate
AIB and isovaline from interfering protein

amino acids [I5]. A column of cation-exchange

resin (AG 50W-X8, 100-250 /_m, hydrogen

form) was equilibrated with 1.0 M HCI. A

mixture of amino acids was placed on the top of
the column. Increasing concentrations of HC!
were used to elute the amino acids from the

column; the eluate was collected with a Gilson

fraction collector at a flow-rate of 0.2 ml/min.

Each fraction consisted of 2-4ml of solution.

Evaporation of the HCi fractions in a desiccator

yielded the purified amino acids. The fractions
were then dissolved in 1 ml of water and ana-

lyzed by the technique described above.

3. Results and discussion

3.1. Kinetics of the derivatization reaction

Under the derivatization conditions given by

Aswad [13] and Nimura and Kinosita [14], pro-

tein amino acids react with OPA-NAC rapidly at

room temperature. However, it has been noted

that a-dialkylamino acids react much more slow-

ly with OPA under similar conditions [16]. We

therefore decided to carry out a systematic

investigation of the reaction kinetics of a-

dialkylamino acids with OPA-NAC to test

whether this technique can be modified for their
sensitive detection.

Initially the same reaction conditions as rec-

ommended by Aswad [13] were used, with OPA
at 6 mM and NAC at 12 mM in the deri-

vatization solution (OPA to NAC ratio = 0.5).

The amino acid concentration is normally ad-

justed to about 10-100 _M. Aianine was chosen

as an example to observe the reaction of OPA-

NAC with protein amino acids. Under these
conditions the reaction of alanine with OPA-

NAC reaches its maximum yield in less than 2

min, as observed by Aswad [13]. In the next

step, the concentrations of OPA and NAC were
varied and the reaction kinetics monitored. The

results indicated that as long as the concentration

of NAC is within the range 1-20 mM and the
concentration of OPA is more than 10-20 times

that of alanine, the reaction is completed within
1-2 min. The rate of reaction and the fluores-

cence yield are not very sensitive to the ratio of
OPA to NAC. If the concentration of OPA is

comparable to that of alanine, the derivatization
slows considerably. Svedas et al. [17] observed a

similar behavior for the reaction of protein

amino acids with OPA and mercaptoethanol.

They concluded that the OPA concentration

should be 2-3 times higher than that of the

amino acid. Based on our study and earlier

reports, it is.recommended that the OPA con-

centration be at least ten times higher than that

of the amino acid for protein amino acid analysis

using OPA-NAC.

The same approach was utilized to investigate
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the reaction of a-diaikylamino acids with OPA-

NAC using AIB as an example. Under the same

conditions as used by Aswad [13], this reaction

proceeds much more slowly than that with

alanine. A detailed study of the kinetics of the

AIB reaction was carried out by using various
combinations of OPA, NAC and AIB concen-

trations to determine the best reaction parame-

ters (Fig. 1). These experiments demonstrated

that as long as the OPA and NAC concentrations

are roughly 10-20 times higher than that of AIB,
both the rate of the derivatization reaction and

the maximum fluorescence yield are a function of

the ratio of OPA to NAC. Fig. 1 shows the

fluorescence response of OPA-NAC with AIB
as a function of derivatization time at room

temperature using various OPA to NAC ratios

from 0.25 to 4. It is clear that, at room tempera-
ture, this reaction needs at least 15 min to reach

equilibrium. When the OPA to NAC ratio is low

(e.g., 0.25 and 0.5), equilibrium is not reached
even after 25 min. When the OPA to NAC ratio

is increased to 1, the reaction is accelerated and

equilibrium is achieved within 15 min. At an

OPA to NAC ratio of 2, the rate of the reaction

is the fastest and the maximum yield is the

2o]
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Fig. 1. Kinetics of the reaction of AIB with OPA-NAC with

different ratios of OPA to NAC: (3 = 2; • = 4; • = 1; • =

0.5; × =0.25. I--I=Alanine. Also shown are the reaction

kinetics of alanine with OPA-NAC for OPAINAC=2.

Concentrations in the derivatization reaction: OPA = 6 raM,

AIB--12 /zM and alanine = 6 _.M. The amount of AIB

injected into the column was 30 pmol and that of alanine was

15 pmol.

highest. When the OPA to NAC ratio is in-

creased to 4, the reaction proceeds at roughly
the same rate as with a ratio of 2, but the

maximum fluorescence yield is about 15% lower.

Fig. 1 clearly demonstrates that for the OPA-

NAC reaction with AIB, an OPA to NAC ratio

of 2 is the optimum to maximize both the
reaction rate and the final fluorescence yield.

Our results are in agreement with the report

by Cronin et al. [16] that the fluorescent yield of

the OPA-/3-mercaptoethanol derivative of a-

dialkyl-substituted amino acids is much less than
that for amino acids with an a-hydrogen when
derivatization is carried out for 1-2 rain at room

temperature. Cronin et al. [16] were able to

increase the yield of a-dialkylamino acids by

carrying out the reaction at 100°C. Based on our

results and those of Cronin et al. [16], it seems

that there are two approaches to improve the

detection of a-dialkylamino acids: (1) carry out
the derivatization at higher temperature (100°C)

for 1-2 rain, or (2) carry out the derivatization at

room temperature for 15-20 rain. With the
OPA-NAC reaction, derivatization at 100°C

increased the fluorescence yield of a-

dialkylamino acids but the response of the a-

hydrogen amino acids was also substantially

affected (e.g., the yield for glycine was decreased

by a factor of 10-15). Also, when amino acids
extracted from sediments were derivatized at

100°C, several side-reactions occurred that gave

rise to unknown peaks which interfered with the
detection of several amino acids.

Our kinetic studies of the OPA-NAC reaction

with AIB imply that the fluorescent yield for the

a-dialkylamino acids can also be increased up to

eight-fold if derivatization is carded out for 15

rain compared with 1-2 min at room tempera-

ture while the yield for the a-hydrogen amino
acids is more or less unaffected (see Table 1).

This not only improves the detection for a-

dialkylamino acids, but also provides another
criterion for the identification of the a-

dialkylamino acids. By carrying out the deri-
vatization for both 1 and 15 min, we can easily

recognize the a-dialkylamino acids by observing
the dramatic increase of 5-10-fold in their

fluorescent peak size when the chromatograms
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Table l

Retention time, Y15/YI ratio and relative molar fluorescence for protein and ot-dialkylamino acids

59

Amino acid Retention time (rain) Y15/YI _ Molar fluorescence b

Asp 7.5-8.9 1 1.04

Glu 11.3 1 1.14

t_-Me-Asp 12-12.5 4.6 0.40
¢t-Me-Glu 12.9-13.6 3.9 1.06

Gly 14.7 0.8 1

Ala 16.7-16.9 1 1.47

AIB 18 8 1.19

lsovaline 19.3-19.6 12 0.93

Val 20.4-21.7 6.1-12 0.43

a-Et-ABA 21.7 6.1-12 0.43

t_-Me-Val 22.7-23.5 8-10 0.64

a-Me-Nva 22.5-22.9 3.7-6.8 0.40

Leu 26.8 1 0.73

The retention times would be expected to vary depending on the instrument, column and elution scheme used in tile analyses.

The values of Y15/Y1 and the molar fluorescence depend on the room temperature and the age of the OPA-NAC reagent. The

values given here are those which were found to be representative of those routinely obtained with the present analytical set-up.

• Y15/Y1 is the relative fluorescence yield ratio for the 15- and l-rain derivatization times.

b Relative to the glycine = 1.0.

for the two reaction times are compared. It is
therefore recommended that the OPA-NAC

derivatization be carried out for both 1 and 15

min at room temperature for the identification of
o_-dialkylamino acids.

3.2. OPA-NAC reaction with several a-

dialkylamino acids

Our study was extended to include several

other a-dialkylamino acids to test whether this

method could be generally applied for their
identification. The derivatization conditions for

all these amino acids were 6 mM OPA and 3 mM

NAC (OPA to NAC ratio = 2) in the derivatiza-

tion solution. Fig. 2 shows chromatograms for

several a-dialkylamino acids. The results in Fig.
2 demonstrate that the same reaction condition

as used for AIB analysis can also be applied for

other a-dialkylamino acids. With all the a-

dialkylamino acids that we have investigated, the

yield for the 15-min derivatization (Y15) in-

creased compared with those for 1-min deri-

vatization (Y1). However, the yield enhance-

ment was not the same for all a-dialkylamino

acids. The Y15/Y1 ratio ranged from 4 to 12,

with isovaline showing the largest increase and

a-methylglutamic acid the smallest. Even with
the same amino acid, the Y15/Y1 ratio can vary

by up to a factor of 2 depending on the age of

the OPA-NAC reagent and the room tempera-

ture when the analyses are carried out. How-

ever, the derivatization yield for all the t_-

dialkylamino acids is always significantly greater
for the 15-min reaction time. The approximate
HPLC elution times for several amino acids

(both protein and ot-dialkyl) are summarized in
Table 1 along with the Y15/Y1 ratio.

With the 15-rain derivatization, the molar

fluorescence yields of a-dialkylamino acids are

comparable to those of protein amino acids (see

Table 1). In fact, the yields for AIB and iso-

valine are higher than those for some protein
amino acids, such as valine and leucine. The

estimated detection limit is 0.3-1 pmol for t_-

dialkylamino acids based on analyses of authen-

tic compounds. The detection limit for geological

samples would be expected to be higher owing to

interference from other components present in

these complex mixtures.

In studying the OPA-NAC reaction with t_-

substituted glutamic acid analogues, Maurs et al.
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(A) (B) (C) (0) (E) (F)
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Fig. 2. HPLC of OPA-NAC derivatives of a-diaikylamino acids, obtained with derivatization for (bottom) 1 min and (top) 15
rain. (A) D/L-a-Me-Asp; (B) D/L-a-Me-Glu; (C) D/L-Isoval; (D) a-Et-ABA; (E): D/L-a-Me-Val; (F) a/h-a-Me-n-Val. The
approximate retention times for these various amino acids are given in Table 1.

[18] gave some conflicting results. They first

stated that, despite the steric congestion around

the amino group due to a-substitution, a-substi-

tuted analogues of glutamic acid react as rapidly

as protein amino acids with the OPA-NAC

reagent under alkaline conditions. However,

they then noticed a significant decrease in the

fluoresence response with all the a-substituted

amino acids compared with protein amino acids

(10-30%). Our results unambiguously demon-

strate that _,-dialkylamino acids react much more

slowly with OPA-NAC at room temperature,
but the fluorescence response can be increased

with a longer reaction time.

3.3. Resolution of enantiomers

It is critical to evaluate the stereochemistry of
a-dialkylamino acids in order to establish their

possible biotic or abiotic origin [2]. Although the

OPA-NAC technique was originally designed

for the detection of protein amino acids and their

enantiomers, the chromatograms shown in Fig. 2

illustrate that this technique can also be used to

separate the enantiomers of a-dialkylamino
acids. It sfiould be pointed out that we do not
know the elution order of the enantiomers for

the t_-dialkylamino acids as we do not have pure

isomers. For protein amino acids, the o-enantio-
mers elute before the L-enantiomers with hydro-

philic amino acids such as aspartic acid, whereas
the L-enantiomers elute before the D-enantio-

mers with hydrophobic amino acids such as

valine [11, 14]. We predict that the same elution

order would also apply to a_-dialkylamino acids.

3.4. Detection of AIB and isovaline in

geological samples

To demonstrate the application of the OPA-

NAC technique for the detection of a-

dialkylamino acids in geological samples, we
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selected sediments from the K/T boundary se-

quence at Stevns Klint, Denmark. The K/T

boundary marks one of the largest mass extinc-

tion episodes in the Earth's history [19]. Con-

vincing evidence has suggested that this mass

extinction was caused by the collision of a large

extraterrestrial object with the Earth [20-23].
The collision of an asteroid or comet with the

Earth may have added extraterrestrial organic
matter to the earth since certain meteorites and

comets contain a variety of organic compounds

[24]. We decided to investigate AIB and iso-

valine in K/T boundary sediments as these two

amino acids have been found to be among the

most abundant non-protein amino acids in the

Murchison meteorite [2].

Fig. 3 shows the HPLC traces for the total
amino acid extract from a Stevns Klint K/T

boundary sediment sample. Regions where AIB

and isovaline are expected to elute are indicated

by arrows. Examination of the chromatograms
for the 1- and 15-min derivatization times indi-

cate that AIB and isovaline are probably present

in this sample. However, it is obvious that their

concentrations are minute compared with those

of the protein amino acids. This complicates the

detection and quantitation of the a-dialkylamino

acids because many small unknown peaks in the

chromatogram of the sediment extract may co-
elute with AIB and isovaline. However, careful

evaluation of the chromatograms still provides

preliminary evidence that AIB and isovaline are

present. Comparing the 1- and 15-rain results, it

is seen that, for the peak in the AIB retention

time region, the fluorescence yield for the 15-rain
derivatization was double that for the 1-min

derivatization. However, if we examine this peak

carefully in the 15-min chromatogram, we notice

that peak 9 appears to be a doublet. One

explanation is that there are two peaks with a

retention time roughly corresponding to AIB.

For the 1-min analysis the AIB peak is much
smaller than the unknown peak so AIB is totally

hidden beneath this unknown peak. For the 15-

min analysis, the AIB peak increases 5-8-fold

whereas the unknown peak stays more or less

the same. As a result, the AIB peak height is
comparable to that of the unknown peak.

{A)

(B)

.J
II

ii

II
ju

.... i AIB

........ ISOVAL

(C}

.J ._
.... 1() .... 15 .... 20 .... 2,:5" -

Time (rain)

Fig. 3. HPLC of the total amino acid fraction from a

sediment _ample 0.5 m below the KIT boundary at Sterns

Klint, Denmark. HPLC conditions are given in the text. (A)

l-rain derivatization; (B) 15-rain derivatization; (C) 15-rain

derivatization after spiking with authentic AIB and racemic

isovaline.

Because their retention times are not exactly the

same, AIB and the unknown peak appear to be

partially separated. The 1-min analysis gives no
indication of isovaline in the sample. However,

when the sample is derivatized for 15-min the

corresponding isovaline peaks apparently

emerge. There seems to be two peaks, as would

be expected if racemic isovaline was present.
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The retention times of both AIB and racemic

isovaline in this sample were confirmed by spik-

ing the sediment extract with the authentic

amino acids (Fig. 3C).

The analyses of bulk amino acids in K/T

boundary sediment extracts gave an indication

that K/T boundary sediments probably contain
AIB and racemic isovaline, and demonstrated

that the OPA-NAC technique could be applied

for the detection of these unusual non-protein

amino acids in geological samples. However,

these analyses are by no means satisfactory.
Because the concentrations of AIB and isovaline

in K/T boundary sediments are very low com-

pared with those of protein amino acids (the
AIB concentration is about 5% of that of alanine

in the sample shown), impurities that normally

do not interfere with the detection of protein

amino acids may interfere with the detection of
AIB and isovaline.

To improve this situation, the total amino acid

extracts were further separated into fractions

using HCI cation-exchange chromatography (see

(A)

mr

c-

o

_=
U-

(B)

3.

Experimental). With this separation procedure,

AIB and isovaline are partially resolved from

protein amino acids. Their relative concentration

compared with the background of protein amino

acids is increased and co-eluting peaks are usual-

ly eliminated. The chromatograms of the AIB

and isovaline fractions for the same sample

shown in Fig. 3 are given in Fig. 4. Here the

presence of AIB and racemic isovaline in this

K/T boundary sample is clearly demonstrated.

By analyzing known amounts of authentic AIB

and racemic isovaline, and comparing the re-

sulting peak areas with those in the K/T bound-

ary sample, we were able to estimate [3] that this

sediment contains 350 ng/g of AIB and 120 ng/g
of racemic isovaline.

4. Conclusions

Based on these investigations, we recom-

mended the following procedure for the detec-

tion of a-dialkylamino acids in geological sam-

ples. The total amino acid extract obtained from
a sample should be analyzed using the OPA-

NAC technique with both 1- and 15-rain de-

rivatization times. If a peak, or peaks, corre-

sponding to a specific _t-dialkylamino acid in-
creases several-fold, this provides the first indica-

tion that an a-dialkylamino acid is present.
Further verification can be accomplished by first

partly separating the amino acids using either

HCI cation exchange chromatography or some

other technique, and then repeating the OPA-

NAC analyses. The method provides for the

highly sensitive and selective detection of ot-

dialkylamino acids in natural samples which are

dominated by the protein amino acids.

.... I .... I ......... I .... I ....

15 20 15 20

Retention Time (rain)

Fig. 4. HPLC of AIB and isovaline HCI cation-exchange

chromatographic fractions from the same KIT boundary

sample as shown in Fig. 3. HPLC conditions are given in the
text. (A) l-min derivatization; (B) 15-rain derivatization.
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